The co-activation of Wnt signaling and concomitant inhibition of BMP signaling has previously been implicated in vertebrate neural patterning, as evidenced by the combinatorial induction of engrailed-2 and krox-20 in Xenopus. However, screens have not previously been conducted to identify additional potential target genes. Using a PCR-based screening method we determined that XA-1, xCRISP, UVS.2, two UVS.2-related genes, and xONR1 are induced in response to Xwnt-3a and a BMP-antagonist, noggin. Two additional genes, connexin 30 and retinoic acid receptor g were induced by Xwnt-3a alone. To determine whether any of the induced genes are direct targets of Wnt signaling, we focussed on engrailed-2. In the present study we show that the Xenopus engrailed-2 promoter contains three consensus binding sites for LEF/TCF, which are HMG box transcription factors which bind to b-catenin in response to activation of the Wnt-1 signaling pathway. An engrailed-2 promoter luciferase reporter construct containing these LEF/TCF sites is induced in embryo explant assays by the combination of Xwnt-3a or b-catenin and noggin. These LEF/TCF sites are required for expression of engrailed-2, as a dominant negative Xtcf-3 blocks expression of endogenous engrailed-2 as well as expression of the reporter construct. Moreover, mutation of these three LEF/TCF sites abrogates expression of the reporter construct in response to noggin and Xwnt-3a or b-catenin. We conclude that the engrailed-2 gene is a direct target of the Wnt signaling pathway, and that Wnt signaling works with BMP antagonists to regulate gene expression during patterning of the developing nervous system of Xenopus. q
Introduction
Members of the Wnt gene family of signaling molecules have been implicated in a number of biological roles in a diverse number of species (reviewed by Moon et al., 1997; Cadigan and Nusse, 1997) . In Xenopus, the Wnt pathway has been implicated in establishing the dorso-ventral axis during the cleavage stages (reviewed by Moon and Kimelman, 1998) , in patterning the mesoderm of the gastrula (Christian and Moon, 1993; Hoppler et al., 1996; Hoppler and Moon, 1998) and in patterning the neural ectoderm (McGrew et al., 1995 (McGrew et al., , 1997 . All of the Wnt family members encode secreted glycoproteins that are thought to bind to members of the Frizzled family of serpentine membrane receptors (reviewed by Cadigan and Nusse, 1997; Moon et al., 1997; Cox and Peifer, 1998) . Signaling by some Frizzled homologs may activate the function of Dishevelled, which in turn leads to the inhibition of glycogen synthase kinase-3b (GSK-3). In the absence of Wnt signaling, GSK-3 is thought to form a complex with the Adenomatous Polyposis Coli (APC) protein, Axin, and bcatenin (Behrens et al., 1998; Hart et al., 1998; Ikeda et al., 1998; Itoh et al., 1998; Yamamoto et al., 1998) . This results in the phosphorylation of b-catenin, its subsequent ubiquitination, and targeting for degradation by the proteosome (Aberle et al., 1997; Oxford et al., 1997) . Thus, when the Wnt pathway is stimulated, and GSK-3 is inhibited, the rate of degradation of b-catenin decreases, and it accumulates in the cell. In considering the Wnt-1 signaling pathway, there seems to be relatively little branching upstream of b-catenin, and thus the cellular and embryonic responses to bcatenin are often indistinguishable from the responses to the secreted Wnt ligand (reviewed by Cadigan and Nusse, 1997; Moon et al., 1997) .
As steady state levels of b-catenin increase, it is observed to accumulate in the nucleus (Schneider et al., 1996; Yost et al., 1996) . The signi®cance of this was poorly understood until yeast two hybrid studies revealed that the architectural HMG-box transcription factors LEF-1 and XTCF-3 interact with b-catenin (Behrens et al., 1996; Molenaar et al., 1996) . Both LEF-1 and XTCF-3 bind to DNA with sequence speci®city, altering the bending of the DNA, and the subsequent binding of b-catenin is likely to further alter the bending of DNA. Since both LEF and TCF also bind to the transcriptional repressor Groucho (Cavallo et al., 1998; Roose et al., 1998) it is likely that the complex of factors also functions as a repressor. As described below, however, the binding of bcatenin to these LEF and TCF alleviates repression and results in activation of gene expression.
One of the ®rst direct target genes of b-catenin signaling to be identi®ed was the siamosis gene of Xenopus (Brannon et al., 1997) . Siamois is a homeobox gene expressed in the cells of the dorsal vegetal pole of the blastula and it has been shown to be activated by the Wnt pathway (Lemaire et al., 1995) . Isolation of the siamois promoter and construction of a luciferase reporter construct revealed a b-catenin response region upstream of the start of transcription. Three LEF/ TCF-binding sites were detected within the b-catenin responsive region, using DNA sequence analysis, bandshifting with puri®ed proteins, and DNAse-I footprinting. Importantly, mutation of these three sites had two signi®-cant effects. First, it blocked the ability of the promoter to be activated by elevated levels of b-catenin. Second, mutation of the LEF/TCF sites elevated basal activity of the reporter, consistent with the idea that the sites were necessary for repression of expression in the absence of b-catenin (Brannon et al., 1997) . Two other genes have also been reported to be direct targets of b-catenin signaling in Xenopus embryos, twinned (Laurent et al., 1997) and nodal-related-3 (McKendry et al., 1997) , and in both cases the genes contain consensus LEF/TCF sites, and reporter constructs are activated by b-catenin.
Neural induction and subsequent patterning of the nervous system is a multi-step process. Previous work in Xenopus has shown that Xwnt-3a is expressed at the prospective midbrain-hindbrain boundary in neurula stage embryos (McGrew et al., 1997) . Suggesting a role for Wnt signaling in regulating gene expression in the nervous system, inhibition of Wnt function with a dominant negative Wnt reduces expression of posterior neural genes, including engrailed-2 which is normally expressed at the midbrainhindbrain boundary, while elevating expression of anterior neural genes (McGrew et al., 1997) . In reciprocal gain-offunction analyses, overexpression of Xwnt-3a in ectodermal explants does not induce neural genes by itself. In the same assay, the BMP antagonists noggin and chordin induce primarily anterior neural genes, but not genes of the midbrain-hindbrain such as engrailed-2, or of the hindbrain, such as krox-20 (Lamb et al., 1993; Piccolo et al., 1996) . Pointing to a combinatorial mechanism of regulating neural gene expression, the combination of noggin or chordin and Xwnt-3a induces both engrailed-2 and krox-20, while suppressing expression of anterior neural genes. Thus, Wnt signaling in the context of inhibition of BMP signaling results in patterns of neural gene expression not obtained by manipulating these signaling pathways alone (McGrew et al., 1995 (McGrew et al., /1997 . Alternatively, there have been suggestions that FGF works in combination with noggin or chordin to induce engrailed and other posterior genes in Xenopus embryos (Cox and Hemmati-Brivanlou, 1995; Lamb and Harland, 1995) .
How might combinatorial signaling involving Wnts lead to regulation of speci®c neural genes? The activity of Xwnt3a is fully mimicked by b-catenin in embryo explant assays, suggesting that the Wnt pathway works through b-catenin to regulate expression of engrailed-2 and krox-20 (McGrew et al., 1995) . However, there has heretofore been no test of whether this regulation is direct or indirect, and dependent upon LEF/TCF sites in the prospective target genes. In the mouse there is a clear involvement of Pax genes in regulating engrailed-2 expression (Song et al., 1996) , but this does not resolve the potential involvement of the Wnt pathway. Supporting a role for Wnt signaling in specifying speci®c neural fates, there is growing evidence that Wnts play a role in specifying neural crest cell fate (Ikeya et al., 1997; SaintJeannet et al., 1997; Chang and Hemmati-Brivanlou, 1998; Dorsky et al., 1998; LaBonne and Bronner-Fraser, 1998) .
In the present study we ®rst conducted a PCR-based screen for genes that are induced by noggin and Xwnt-3a to determine if the observed induction of engrailed-2 and krox-20 by these factors (McGrew et al., 1995) was a novel limited response, or was representative of broader changes in gene expression during neural induction and patterning. We report the identi®cation of multiple genes that are induced by Xwnt-3a and noggin, supporting the idea that combinatorial signaling by these factors leads to broad changes in gene activity. Second, in an attempt to determine whether any neural gene is a direct downstream target of the Wnt-1 signaling pathway we isolated the engrailed-2 promoter from Xenopus and characterized the activity of reporter constructs. Our data indicate that engrailed-2 is indeed a direct target of the Wnt-1 signaling cascade. This result distinguishes between prior models of regulation of engrailed-2 by FGF and BMP antagonists (Cox and Hemmati-Brivanlou, 1995; Lamb and Harland, 1995) , versus combinatorial signaling by FGF, Wnt, and BMP antagonists (McGrew et al., 1997) .
Results and discussion

A screen for genes induced by Xwnt-3a and noggin
To date only En-2, Krox-20 (McGrew et al., 1995) , and the neural crest marker slug (Saint-Jeannet et al., 1997) are known to be induced by the combination of Xwnt-3a and noggin. In order to screen for additional genes induced by these factors, we performed a PCR-based subtractive hybridization. As diagrammed in Fig. 1 , the PCR-based subtractive hybridization (Diatchenko et al., 1996) employed two cDNA pools from animal caps of embryos injected with noggin alone or Xwnt-3a and noggin. The induction of anterior neural markers such as Xanf-2 and Otx-A in noggininjected animal caps, and that of posterior neural markers such as En-2 and Krox-20 in Xwnt-3a-and noggin-injected animal caps were con®rmed by RT-PCR (data not shown). Following a high throughput screening as described by Von Stein et al. (1997) , the subtracted fragments were subcloned into a TA vector. Cloned inserts were ampli®ed by colony PCR, and the PCR product were resolved in duplicate on agarose gels and blotted onto nylon membranes. The duplicate ®lters were hybridized with either radiolabeled cDNA from driver or tester. After exposure to ®lm up to 14 days, the signals of identical clones were compared. Positive clones that showed differential hybridization were sequenced. As shown in Fig. 2A , we repeatedly isolated eight genes. The expression of these genes was induced in Xwnt-3a-and noggin-injected animal caps but was absent in noggin-injected animal caps.
The induction of XA1, xCRISP, connexin 30 (Cx30), UVS.2, UVS.2b, UVS2g, Xenopus orphan nuclear receptor 1 (xONR1), and retinoic acid receptor g (RARg) was con®rmed by RTPCR analysis (Fig. 2B ). XA-1 has been described as one of early markers of cement gland development (Sive et al., 1989) . XA-1, which encodes a putative secreted protein, is expressed in the periphery of the cement gland as well as in the region along the dorsal midline (Hemmati-Brivanlou et al., 1990) overlapping the domain of expression of Xwnt-3a (Wolda et al., 1993) . A novel gene, which we termed xCRISP for Xenopus CRISP, shares signi®cant homology with members of the cysteine-rich secretory protein (CRISP) family (Eberspaecher et al., 1995) , and is expressed in tailbud-tadpole stages in a very similar pattern to XA-1 (data not shown). Either Xwnt-3a or noggin alone was not suf®cient to induce both of these genes ( Fig. 2B) . However, the combination of Xwnt-3a and noggin induced the expression of XA-1 and xCRISP in the absence of dorsal mesoderm, as monitored by a muscle actin marker. Cx30 encodes a gap junction protein (Gimlich et al., 1988) . Ectopic expression of Xwnt-3a alone induced Cx30, although coexpression of noggin did not signi®cantly affect the induction (Fig. 2B ). It has also been reported that Cx43 is a functional target for Wnt signaling (Van der Heyden et al., 1998). Our screen also resulted in the reisolation of UVS.2, a metalloprotease of the astacin family. UVS.2 is expressed in the anterior neural fold of neurula stage embryos in the region that gives rise to neural crest (Sato and Sargent, 1990) , and which overlaps the expression of Xwnt-3a (McGrew et al., 1997) . Interestingly, two novel clones highly homologous to UVS.2, which we designated UVS.2b and UVS.2g were also isolated. These UVS.2 genes were induced by the coexpression of Xwnt-3a with noggin ( Fig. 2B ). xONR1 was isolated by low stringency hybridization using a human vitamin D3 receptor cDNA as a probe , and its expression was increased by the combination of Xwnt-3a and noggin. The RARg is expressed in the neural plate like Xwnt-3a (Ellinger-Ziegelbauer and Dreyer, 1991), and like Cx30 it was induced by Xwnt-3a alone (Fig. 2B ). Thus, many of the genes identi®ed in this screen are expressed in domains that overlap with the expression of Xwnt-3a in the developing nervous system, consistent with the hypothesis that Xwnt-3a normally modulates their expression. Given that the genes induced by Xwnt-3a and noggin do not clearly fall into one class of protein, or signaling pathway, we conclude that Xwnt-3a and noggin may lead to broad changes in gene expression. The functional diversity of the genes induced by Xwnt-3a and noggin in the present and past studies (McGrew et al., 1995) raises the question of whether any of these genes are directly induced, or whether they are induced as a secondary event. Because the role for engrailed-2 in neural patterning is more clear (Joyner, 1996) than the potential role of the induced genes identi®ed in our PCR screen, we then focused on engrailed-2 to test whether Wnt signaling directly regulates the expression of any vertebrate neural gene. Fig. 1 . Schematic illustration of a strategy to isolate genes induced by Xwnt-3a and noggin. A PCR-based subtractive hybridization between cDNA from noggin-injected caps (driver) and from animal caps injected with Xwnt-3a and noggin (tester) was then performed to isolate genes that are differentially expressed in Xwnt-3a-and noggin-injected caps. Details are described in the text and Section 4.
The engrailed-2 promoter contains multiple LEF/TCF sites and is active in embryos
Although most Wnts are expressed in the developing nervous system of vertebrate embryos, and some Wnts are able to modulate expression of speci®c neural genes, there has heretofore been no direct biochemical link between the Wnt pathway and regulation of a speci®c neural patterning gene. Therefore, it has not been possible to establish if the observed effects of Wnt signaling on regulation of neural gene expression are direct or indirect. If a Wnt-1-like signal transduction cascade working through b-catenin were involved in regulating expression of speci®c target genes, then based on recent studies of non-neural Wnt-target genes one can make reasonable predictions. First, one would predict that promoters of direct target genes of this signal transduction cascade should have consensus sites for binding LEF or TCF homologs. This is based on evidence that bcatenin levels are elevated by Wnt-1 signaling, and that bcatenin binds to LEF/TCF homologs and thus activates gene expression (reviewed by Miller and Moon, 1996; Cadigan and Nusse, 1997) . Second, one would predict that promoter reporter constructs containing these LEF/TCF sites should be inducible by b-catenin. Third, the activity of the promoter should be blocked by dominant negative TCF or LEF constructs that are de®cient in binding b-catenin. Fourth, mutation of the speci®c LEF/TCF sites should block induction of the promoter by b-catenin. As described below, the engrailed-2 promoter of Xenopus meets all of these criteria.
If the Wnt-1 pathway directly regulated the engrailed-2 promoter then one would expect that the promoter would have consensus LEF/TCF sites (CTTTGA/TA/T). To test this possibility we isolated the Xenopus engrailed-2 promoter by screening a genomic library with a cDNA clone, and then characterized the largest clone, of 4.6 kb (Accession Number BankIt270865 AF152960). As the 3 H end of the clone contained approximately 450 bp of published 5 H untranslated region of the engrailed-2 cDNA (HemmatiBrivanlou et al., 1991) , it was clear that the genomic clone was 5
H of the engrailed-2 gene. Sequence analysis revealed three consensus LEF/TCF sites in mixed orientation (Fig. 3) , thus a luciferase reporter construct containing all three sites was prepared as described in Section 4 and shown in Fig. 3 .
Although our sole focus was on determining whether the engrailed-2 promoter was a direct target of Wnt signaling, we nevertheless needed to establish that the Luciferase promoter was active in embryos. We therefore microinjected the reporter construct into dorsal A-tier or dorsal Dtier cells of 32-cell Xenopus embryos and assayed embryos at stage 17/18 for luciferase expression. As shown for four representative experiments in Fig. 4 , the promoter is more active in A-tier blastomeres which will give rise to ectoderm and neural ectoderm than in D-tier cells which generally do not form neural tissue. While this does not indicate that all regulatory elements of the promoter were present in the reporter construct, the results con®rm that the reporter is active in prospective neural tissue thereby setting the stage for testing the functional signi®cance of the LEF/ TCF consensus sites. We next asked whether the consensus LEF/TCF sites were indeed capable of binding recombinant LEF protein in the context of the¯anking sequences of the promoter. We therefore ampli®ed by PCR a region of DNA encompassing each consensus site, resulting in DNA fragments of 120±280 bp (see Section 4; Gel shift fragments GS 1, GS2, GS3 in Fig. 3) . Each of the fragments was end-labeled then incubated with recombinant human LEF-1 protein in the presence of 0±50-fold excess of competitor DNA containing a wild-type or mutant LEF site. As shown in Fig. 5 , all three consensus LEF/TCF sites bind to recombinant LEF resulting in a gel shift of the mobility of the radio-labeled DNA probe. The ability of LEF to bind to each of the three sequences was blocked by 25-fold excess of unlabelled DNA containing a consensus LEF site, but was not blocked by a 50-fold excess of unlabelled DNA containing a mutated LEF site. We conclude that all three prospective LEF/TCF sites identi®ed by DNA sequencing were legitimate binding sites for LEF and by extension are likely to bind TCF. P-labeled cDNAs from noggin-injected animal caps (upper panels) or Xwnt-3a-and noggin-injected animal caps (lower panels). The ®lters were exposed for 1 or 14 days. These clones were isolated independently 2±10 times. Ef-1a serves as an internal control. (B) RT-PCR analysis for the isolated genes. RNAs were injected into both blastomeres at the 2-cell stage, animal caps were isolated and cultured until sibling embryos reached stage 17/18. Total RNA was then isolated and processed for RT-PCR. Lane 1, expression of the markers in whole embryos. Lane 2, expression of the markers in animal caps after injection of Xwnt-3a RNA. Lane 3, expression of the markers in animal caps after injection of noggin RNA. Lane 4, expression of the markers in animal caps after coinjection of both Xwnt-3a and noggin RNAs. Lane 5, control uninjected animal caps. Otx-A, forebrain marker; En-2, midbrain-hindbrain boundary marker; muscle actin, dorsal mesoderm marker; Ef-la, loading control. 
The engrailed-2 promoter is induced by Xwnt-3a and bcatenin
We previously found that neither Xwnt-3a nor noggin or chordin by themselves reproducibly induce detectable levels of engrailed-2. Strikingly, the combination of Xwnt-3a with noggin or chordin is a potent inducer of engrailed-2 (McGrew et al., 1995 (McGrew et al., , 1997 . We therefore tested whether the engrailed-2 reporter construct was responsive to Xwnt3a in a manner reminiscent of the endogenous gene, by injecting it into the animal pole of fertilized eggs in the presence or absence of various RNAs. Animal caps were then explained at stage 8, cultured until stage 17/18 when the endogenous gene would be active, and then analyzed for luciferase activity. As shown in Fig. 6A , the promoter alone (pEnP1) is relatively inactive, and is modestly elevated in activity by noggin (pEnP1/noggin) or Xwnt-3a (pEnP1/ Xwnt-3a). There is a striking increase in the activity of this promoter in the presence of both noggin and Xwnt-3a (pEnP1/noggin/Xwnt-3a). We conclude that both the endogenous engrailed-2 gene, and the engrailed-2 reporter construct, respond to Xwnt-3a and noggin in a strong combinatorial manner. The next question was to determine whether this could be achieved by bypassing the Wnt ligand, and simply elevating levels of b-catenin.
Given that the engrailed-2 promoter contains three consensus and function LEF/TCF sites, and given that LEF and TCF both bind b-catenin (reviewed in Brannon et al., 1997) , it is likely that b-catenin would modulate the activity of the reporter construct. Previous studies of Wntresponsive mesodermal genes in Xenopus revealed that siamois, twinned, and Xnr-3 are all inducible by b-catenin. In a similar manner we therefore asked whether the engrailed-2 reporter-construct, shown above to be responsive to Xwnt-3a and noggin in a combinatorial manner, was also responsive to b-catenin. Similar to the results obtained with Xwnt-3a, the pEnP1 construct was relatively inactive in animal cap explants, and was somewhat activated by noggin or b-catenin alone (Fig. 6B) . Importantly, maximal stimulation of activity was achieved only by the combination of noggin and b-catenin (Fig. 6B) . These data establish that in the context of inhibition of BMP signaling by noggin, Fig. 4 . Expression of the engrailed-2 reporter pEnP1 after injection into 32-cell Xenopus embryos. Embryos were injected into dorsal A-tier (uppermost in the animal pole) or D-tier (lowest tier at the vegetal pole), grown to stage 17/18, then assayed for expression of the luciferase reporter. Four independent experiments are shown. RLU refers to relative light units. Fig. 5 . Band-shift analysis of engrailed-2 consensus LEF/TCF sites with recombinant human LEF. The PCR products spanning the consensus LEF/ TCF sites shown in Fig. 1 (GS1, 2, 3) were radiolabeled, then incubated with human recombinant LEF protein in the presence of double-stranded oligonucleotides containing mutant (Mutant) or wild-type (WT) consensus LEF/TCF sites as competitors. The data show that 25-fold molar excess of wild-type LEF/TCF sites block binding of the protein to each of the three PCR products, while 50-fold molar excess of mutant sites are unable to block binding. the engrailed-2 promoter of Xenopus responds to both Xwnt-3a and to b-catenin.
Activation of the engrained-2 promoter is inhibited by a dominant negative TCF
If the engrailed-2 gene were a direct target of Wnt signaling, which worked through b-catenin binding to LEF/TCF homologs on the promoter, then one would predict that induction of the engrailed-2 gene by Wnt and b-catenin could be blocked by a dominant negative TCF. This test is predicated on previous work showing the siamois homeobox gene of Xenopus, which responds to Wnt and b-catenin, could be blocked by a Xenopus dominant negative TCF-3 (dnXTCF-3; Molenaar et al., 1996) . This dominant negative transcription factor presumably works by binding to the DNA and repressing activation of Wnt target genes, but since it is deleted in its amino terminal domain, it is unable to bind to b-catenin and to thus respond to Wnt or b-catenin signaling (Molenaar et al., 1996) .
We ®rst tested whether dnXTCF-3 would block induction of endogenous engrailed-2 by Xwnt-3a and noggin. Fertilized eggs were injected with combinations of RNAs encoding noggin, dnXTCF-3, and Xwnt-3a, then animal caps were isolated, cultured, and analyzed for gene expression by RT-PCR. As shown in Fig. 7A , animal cap explants expressing Xwnt-3a and noggin induced engrailed-2 in the absence of mesoderm, monitored by a cardiac actin marker, as previously reported (McGrew et al., 1995; . This induction of engrailed-2 was completely blocked by coexpression of the dnXTCF-3, thereby implicating endogenous LEF/TCF homologs in regulating the endogenous engrailed-2 gene. Similarly, we previously found that expression of the endogenous engrailed-2 gene was suppressed by a dominant negative Wnt ligand (McGrew et al., 1997) .
Since the endogenous engrailed-2 gene is dependent upon Wnt signaling (McGrew et al., 1997) and upon LEF/ TCF homologs (present study) for its expression, we next sought to determine whether our engrailed-2 reporter construct was sensitive to the dnXTCF-3. If it were not, this would argue that the identi®ed consensus LEF/TCF sites were not functionally important, and some other mechanism was responsible for the ability of the reporter construct to respond to Xwnt-3a and to b-catenin in the presence of noggin (Fig. 6) . We therefore repeated the experiments shown in Fig. 6 , but now in the presence of the dnXTCF-3. As shown in Fig. 7B , the induction of the reporter construct by the combination of noggin and Xwnt3a, and the combination of noggin and b-catenin, is strongly repressed by the dnXTCF-3. We conclude that both the endogenous gene and the isolated engrailed-2 promoter are responsive to Wnt and to b-catenin, but in a manner dependent upon functional LEF/TCF.
Activation of the engrailed-2 promoter by Xwnt-3a and b -catenin requires LEF/TCF sites
The experiments summarized in Fig. 6 point to a requirement for LEF/TCF homologs in positive regulation of expression of the endogenous engrailed-2 gene and its isolated promoter. However, the experiment did not directly address whether the functional LEF/TCF sites were indeed the three identi®ed by sequence analysis (Fig. 3) and by bandshift analysis (Fig. 5) . We therefore tested this directly by introducing mutations into all three LEF/TCF sites known to exist in the reporter construct (see Section 4). We then asked whether these mutations blocked the response to Xwnt-3a. If the mutations did block activation, this would con®rm the functional signi®cance of these three speci®c sites. As shown in Fig. 8 , the engrailed-2 reporter construct with three mutated LEF/TCF sites is not strongly induced in animal cap explants by the combination of noggin and Xwnt-3a (pmEn-1/noggin/Xwnt-3a). In contrast, the reporter construct with three wild-type LEF/TCF sites is again strongly induced by noggin and Xwnt-3a (pEnP1/noggin/ Xwnt-3a). This experiment establishes the three identi®ed LEF/TCF sites as being required for response of the engrailed-2 promoter to Wnt signaling.
Conclusions
There have previously been reports that in the developing nervous system of Xenopus, the engrailed-2 gene may be regulated by a combination of noggin or chordin and FGF (Lamb and Harland, 1995; Cox and Hemmati-Brivanlou, 1995) . There have also been reports that noggin or chordin may regulate expression of engrailed-2 by working with the Wnt-1 signaling pathway (McGrew et al., 1995 (McGrew et al., , 1997 . This latter possibility would be consistent with evidence that in Drosophila (DiNardo et al., 1988; Martinez-Arias et al., 1988) and in mice (McMahon et al., 1992; Danielian and McMahon, 1996) the Wnt-1 pathway serves to maintain the expression of engrailed, but does not initiate activation of gene expression. In the mouse activation of engrailed-2 expression at the midbrain-hindbrain boundary is under the control of a 1 kb enhancer sequence located approximately 4 kb upstream from the start of transcription (Logan et al., 1993) . The engrailed-2 enhancer contains two DNA binding sites speci®c for members of the Pax gene family Fig. 7 . Dependence of engrailed-2 expression on LEF/TCF. (A) A dominant negative Xtcf-3 (dnXTCF-3) inhibits expression of the endogenous engrailed-2 gene in animal caps treated with noggin. Fertilized eggs were injected with RNA encoding dnXTCF-3, noggin, Xwnt-3a, or combinations as shown, then animal cap explants were prepared at stage 8, cultured to stage, 17/18, then subjected to RT-PCR analysis. Sibling embryos (Lane 1, Embryo) express both engrailed-2 (En-2) and the mesoderm marker cardiac actin. dnXTCF-3 (lane 2) and noggin (lane 3) do not induce either gene, while Xwnt-3a and noggin (lane 4) induce only engrailed-2. This is blocked by dnXTCF-3 (lane 5). Existence of cDNA in each sample is con®rmed by PCR with primers for an elongation factor (EF-1a). (B) A dominant negative Xtcf-3 blocks expression of the pEnP1 reporter construct in response to Xwnt-3a and noggin. Embryos were injected as in Fig. 4 with the combinations of RNAs shown, revealing that dnXtcf-3 blocks the expression of the reporter in response to Xwnt-3a and noggin. Fig. 8 . The three LEF/TCF sites in pEnP1 are required for response to noggin and Xwnt-3a. The engrailed-2 reporter construct pEnP1 with three prospective LEF/TCF binding sites (Fig. 1 ) and the derivative reporter construct pmEn-1 with mutations in 3±4 of the consensus nucleotides of each LEF/TCF site were compared in parallel in the presence or absence of noggin and Xwnt-3a RNAs. The data clearly show that mutation of the three LEF/TCF binding sites blocks the ability of the reporter to respond to Xwnt-3a and noggin. (Logan et al., 1993; Joyner, 1996) . Deletion of both DNAbinding sites abolishes early transgene expression at the midbrain-hindbrain boundary indicating that the Pax-binding sites are necessary for initiation and early maintenance of engrailed-2 expression (Song et al., 1996) . Consistent with our identi®cation of LEF/TCF sites within the Xenopus engrailed-2 promoter, the mouse engrailed-2 enhancer also contains a consensus LEF/TCF site, beginning at nucleotide 291 of the sequence reported by Song et al. (1996) . A 1 kb enhancer region containing this sequence is able to bind recombinant human LEF-1 protein in vitro as monitored by band-shift assays (data not shown). This binding can be blocked by competition with oligonucleotides containing a wild-type LEF-1 sequence (data not shown). At present it is unknown whether the LEF/TCF sites are potential regulators of engrailed-2 expression in the mouse. It will be interesting to determine whether mutation of the identi®ed LEF/TCF site in the presence of wild type Pax-binding sites affects the expression of engrailed-2 at the midbrain-hindbrain boundary.
Our report of the existence of LEF/TCF sites in the engrailed-2 promoter, and their functional requirement for maximal activation of the promoter during neural induction and patterning in vitro, support the hypothesis that the Wnt-1-like signaling pathway plays an essential role in the expression of the engrailed-2 gene. The demonstration that the engrailed-2 promoter is indeed a direct target of the Wnt-1 signaling pathway should facilitate further studies linking signal transduction cascades to cis and trans regulatory elements of target genes in the developing nervous system. Our PCR-based screen showed that Xwnt3a induces a retinoic acid receptor and connexin 30, while the combination of Xwnt-3a and noggin induces the cement gland marker XA-1; the novel gene xCRISP, related to the cysteine-rich secretory protein family; the metalloprotease UVS.2 and two related genes; and the Xenopus orphan nuclear receptor 1, xONR1. Given the diversity and unrelated nature of these genes, it seems likely that during neural patterning Wnt signaling modulates gene expression in an unexpectedly complex manner.
Experimental procedures
PCR-based subtractive hybridization
Two cell embryos were injected with RNA encoding either noggin alone or Xwnt-3a and noggin into both blastomeres at the animal pole. Animal cap explants were dissected from the injected embryos at stage 8, cultured in 1x MBS until sibling embryos reached stage 17/18, and total RNAs were then isolated. cDNAs were synthesized by the SMART PCR cDNA Synthesis kit (Clontech). A PCRbased subtractive hybridization was performed using the PCR-Select cDNA Subtraction kit from Clontech following the manufacturer's protocol. The subtracted cDNA library was subcloned with the pGEM-T Easy Vector Systems (Promega) followed by colony PCR. The PCR products were loaded in duplicate on gels and then blotted onto nylon membranes. The duplicate ®lters were hybridized under stringent conditions with equivalent amounts of 32 Plabeled double-stranded cDNA of approximately equal speci®c activity derived from driver and tester mRNA respectively. The ®lters were exposed for up to 14 days. Positive clones that showed differential expression were subjected to sequencing. sites (recognition sequences underlined in the oligonucleotides above) of the luciferase reporter vector pGL3B and referred to as pEnP1. In the construct pmEn-1 all three sites were mutated using site-directed mutagenesis 5 (Gene Editor in vitro Site-Directed Mutagenesis System; Promega, Madison, WI) as follows: Site LEF1 was mutated from CTTTGTA to CTCCTAG; Site LEF2 was mutated from CTTTGAT to CGTCGAC; and Site LEF3 was mutated from CTTTGTT to CTCGAGT.
Xenopus microinjection and animal cap explants
The following synthetic mRNAs were prepared using a MessageMachine kit (Ambion, Austin, TX). Xwnt-3a RNA was prepared from EcoRI linearized template DNA (Wolda et al., 1993 ) Xenopus b-catenin RNA was prepared from CS2 1 plasmid DNA linearized with NotI (Yost et al., 1996) . Noggin RNA was prepared from EcoRI linearized vector (Smith and Harland, 1992) and dnXtcf-3 RNA was prepared from XbaI linearized pT7TSdnXtcf-3 (Molenaar et al., 1996) .
Embryos were injected (Moon and Christian, 1989) at the 2-cell stage in the animal pole with 20±40 pg of pEnP-1 reporter plasmid DNA. The following RNAs were coinjected with the engrailed-2 reporter construct: b-catenin was used at a ®nal concentration of 300 pg per embryo, Xwnt-3a RNA was used at a ®nal concentration of 20±40 pg per embryo, Noggin RNA was used at a ®nal concentration of 150±300 pg per embryo and dnXtcf-3 RNA was used at a ®nal concentration of 200±600 pg per embryo. Each microinjection experiment was repeated at least three independent times with embryos obtained from individual females.
Animal cap ectoderm was dissected from stage 8 embryos using a Gastromaster (Xenotek Engineering, Belleville, IL) and cultured in 1 £ MBS until sibling controls reached stage 17/18 when they were harvested for luciferase analysis.
Luciferase assays
Sets of 10 animal cap explants were harvested and assayed for luciferase activity. Samples of 10 caps were lysed in 200 ml of reporter lysis solution (100 mM KPO 4 , 4 mM ATP, 30 mM Mg 2 SO 4 , 10 mM DTT and 1% Triton X-100). 20 ml of cleared lysate was combined with 300 ml luciferase assay substrate (100 mM KP04, 4 mM ATP, 30 mM Mg 2 SO 4 and 1 mM d-luciferin-potassium salt (Analytical Luminescence). Light output was measured for 30 s using a Berthold Luminometer.
